Magnetic resonance imaging (MRI) systems require a cooling close to the absolute zero point. This is necessary to avoid thermal losses due to the extremely high currents in the coils of the electromagnet used to generate the static magnetic field. The cooling is usually achieved using helium based refrigerating machine. The coldhead is an important and critical mechanical component in this system. An inefficient or failed coldhead can lead to severe damages to the MRI system or to the loss of helium. Hence, a continuous and reliable monitoring of this system component is necessary but not always available. To tackle this problem, we propose a monitoring system by means of analyzing the structure-borne noises caused by the mechanical activities of the coldhead. For this purpose, a measurement system based on piezoelectric elements was designed and implemented. Vibrations were measured at various locations at the MRI scanner with and without MR imaging. In all positions, the function of the coldhead could be detected. Hence, the developed system is suitable for monitoring an MRI's coldhead without directly accessing the MR scanner's hardware or software. For a future long-term monitoring, the aim is to predict a failure of the MRI's coldhead based on changes in the vibrations signals.
Introduction
Magnetic resonance imaging (MRI) systems require a large static magnetic field. State of the art magnetic resonance imaging systems which are used for medical imaging purposes is operated at magnetic field strengths between 111.4 T. The (static) magnetic field is generated by an electromagnet. Several hundred amperes are necessary to provide such high field strengths in a relatively large volume. To avoid ohmic losses within the electromagnet, the coils-which are usually made of Niob alloys-are operated in a superconducting state. To reach this state, the coils are cooled down to a temperature of <9 K using a helium based cooling system [1] . Loosing the superconducting state should be avoided in all circumstance since this could result in severe damage of the MR scanner hardware and the expensive and difficult to organize helium.
To provide the cooling power, usually a helium based refrigerating machine according to the Gifford-McMahon-cycle is used [2] [3] . The machine consists of a helium compressor placed outside the MRI's RF cabin and the coldhead, which is in direct thermal contact with the parts to be cooled. The coldhead and the compressor are connected via two metallic gas pipes. The main cooling step takes place in the coldhead by an adiabatic exhaustion and cooling of the helium.
Because of the extreme temperatures and the moving parts in the coldhead, this is subject to natural wear and tear. An automated monitoring of the coldhead should help to replace this only if necessary and in good time.
However, the condition of the coldhead is not directly monitored in all MRI systems. Instead, other components such as the helium level, temperatures at various locations or pressure levels are monitored by the system manufacturer.
These parameters are usually not accessible for the end user or customer operating the MRI scanner system. Hence, there is an existing demand for a monitoring solution which is independent from the scanner manufacturer.
Since the coldhead is a mechanical system, it produces characteristic vibrations. These vibrations are audible inside the MRI scanner cabins. Hence, one could monitor the coldhead activity by recording audio signals inside the MRI cabin and performing an audio signal analysis. However, it is usually preferred to not perform measurements inside the MRI scanner cabin. This could be overcome by performing measurements outside the MRI cabin in the external technical installations room. Since the coldhead is mechanically connected to the outside by helium pipes, it can be assumed that the generated structure-borne noises are also transferred to the outside.
The structure-borne noises generated by mechanical systems such as rotating machines can be measured using different sensor types. The measurement of structure-borne noises is a widely practice for vibrations analysis and machine monitoring [4] . These sensors can either measure the distance, velocity or acceleration in a relative or absolute manner. The velocity is mostly measured using sensors based on electromagnetic induction principle or by Laser Doppler vibrometry [5] . Measurements of the mechanical acceleration are performed in an absolute manner using piezoelectric, piezoresistive, capacitive or optical sensor types [5] . 
Material and Methods
This section describes the development of the sensor hardware and a bus system for robust sensor data transmission and acquisition. The accelerometer sensors are based on piezoelectric technology. Basic signal processing techniques were finally applied to extract and detect the mechanical vibration information for monitoring purposes.
Piezoelectric Accelerometer
A low-cost, disk-shaped piezoelectric element was used as sensing element (EPZ-20MS64W, Ekulit GmbH, Germany). Figure 2 shows a schematic of the analogue signal processing chain which was used to amplify and filter the signal generated by the piezoelectric element. Because the piezoelectric element is a source with a high impedance source, an amplifier with high input impedance was required. In order to obtain a high input impedance, a circuit based on MOSFET source follower with bootstrap capacitor was developed (see Figure 3 ). To prevent aliasing effects in the subsequent digitization of the analogue signals, a 4 order Butterworth low-pass filter with a cutoff frequency of 3 kHz was developed (see Figure 4 ). For the digitization of the analogue signal, an analog-to-digital-converter (ADC) with a resolution of 12 bit was used (MC3201, Microchip Technology, USA). The ADC included a serial-peripheral-interface (SPI) which was used for the interconnection to a microcontroller. The measurements were performed at a sampling rate of 10 kHz.
Bus System and Data Storage
A bus system was developed to transfer the digitized sensor data to an external measurement and data storage system. The ADC was connected to an 8-bit microcontroller (ATMega328, Microchip Technology, USA) using the SPI interface. The microcontroller was used to read the values from the ADC with a precise timing and for buffering the measured values. Therefore, an RS422-transceiver-IC (SN75179B, Texas Instruments, USA) was connected to the micro controller's universal-asynchronous-receiver-transmitter (UART). The same IC was used at the master side and connected via an USB-UART converter (FT232, FTDI, Scotland) to a PC. The PC controls the communication with the sensor modules via a simple packet-oriented protocol (see Figure 5 ).
Signal Processing
The helium gas refrigerating machine according to the Gifford-McMahon-cycle works with a frequency of about 1 Hz. The coldhead is alternately connected to the high and low pressure lines of the compressor. The flowing gas and the moving parts of the coldhead stimulate the entire structure to vibrate.
To detect whether the pump is active or not, the following signal processing was applied to the measured vibration signal. First, the signal's time-frequency power spectrum was computed using the short time Fourier transform (STFT).
Depending on the frequency characteristic of the acquired signals, the power at each time step was integrated over a certain frequency range, e.g. from 23 kHz. A simple peak detection algorithm was applied to the resulting time domain signal for obtaining the operating frequency of the coldhead and for the detecting whether it is active or stopped its function.
Measurement Setup
The measurements were carried out on a 3T MRI system (Magnetom Skyra, Siemens, Germany). The vibrations were measured at different locations (see Figure   6 ). One measurement was performed directly at the surface of the coldhead (measurement point A). This position was considered as the ideal location since it is the origin of the vibrations. The other measurements were performed at the high and low pressure helium pipes in the technical equipment room which is adjacent to the MR scanner room (measurement points B-E). Points B and C were directly and DTI sequences [6] . It was investigated how these sequences influence the frequency spectrum of the acquired signal and if they have a negative effect on the extracted signal used for monitoring the coldhead activity. in the signal measured at the helium gas pipe or were broadened by the mechanical transmission characteristics of the pipe system. Figures 8-11 show the measured vibrations at different locations, the corresponding STFTs and the integrated power signals representing the coldhead activity. For the different locations, the main power was distributed in different frequency ranges. However, for each location, one signal could be extracted which enabled the detection of the coldhead's activity. The exemplary shown signal which was acquired during an MR imaging sequence (see Figure 11) was affected by the vibrations of the MRI's switched gradient magnetic system in the frequency range between 1 kHz and 2 kHz. However, these distortions had no negative influence on the extracted coldhead activity signal.
Results

Discussion
This work proposed a measurement principle and corresponding experimental setup for monitoring an MRI's coldhead activity. The vibrations and the resulting structure-borne noise caused by the coldhead were measured at various locations. From the processed vibration measurements, a signal was extracted which represented the coldhead activity and which was used to detect whether the coldhead is active or note (e.g. due to a failure) and at which frequency the coldhead is operating (usually approximately 1Hz. All the locations which were Journal of Sensor Technology with signals of the MRI system, the currently used electrical RS422 connection needs to be replaced by an optical fiber link. In addition to the data transmission, the problem of energy supply needs to be solved. This could be either achieved by a battery driven system or an external power supply with a proper shield or filtering.
The long-term goal is to predict a failure of the MRI's coldhead. This requires a long-term monitoring of different coldheads over their whole life cycle to develop or train an algorithm allowing to detect such changes in the vibration signals. Sensor modules need to be placed at different MRI scanners or coldhead types at various locations (i.e. directly at the coldhead or in the adjacent technical room with the helium supply lines present) to investigate which locations and algorithms are best suited for performing this predictive analysis.
The low-cost piezoelectric element used in the current setup is limited by its resonant frequency. To extend the possible frequency range of the vibration measurement, a piezoelectric element with a higher resonant frequency should be used.
This could reveal additional information contained in higher frequency components of the structure-borne noises.
Summary
A method and corresponding experimental setup for monitoring an MRI's coldhead were proposed in this work. Using the developed systems and several measurements at a clinical MRI scanner system it was shown that the activity of a coldhead can be monitored using piezoelectric elements. Due to the transmission of the structure-borne noises, these measurements can be performed outside the MRI scanner cabin which has several practical advantages. The developed system will be used to perform a long-term monitoring of the mechanical vibrations in order to develop algorithms for assessing the current state of the coldhead's life-time and to predict possible failures. For such a failure prediction, it might be necessary to gather the additional information which is available directly at the coldhead. For that, additional hardware developments are required to perform the measurements directly at the cold head inside the shielded MRI scanner cabin. Once data is collected over longer period of time, i.e. several months or years, a retrospective analysis of this data can be used to develop algorithms for predicting failures or wear of the MRI's cold-head.
